[1] This is the second paper in a two-part series examining the fluid dynamics of crystal settling and flotation in the lunar magma ocean. In the first paper, we develop a direct numerical method for resolving the hydrodynamic interactions between crystals and their feedback on the flow field in magmatic liquid. In this paper, we use this computational technique to test the leading model for the formation of the earliest crust on the Moon. The anorthositic lithology of the lunar crust is thought to have been formed by the flotation of buoyant plagioclase crystals at a time when the lunar mantle was still wholly or largely molten. This model is appealing from an observational point of view, but its fluid dynamical validity is not obvious, because (1) plagioclase probably started crystallizing very late (i.e., when the magma ocean was already 80% solidified) and (2) a significant portion of the shallow lunar crust consists of almost pure plagioclase (>90 vol. %), requiring very efficient plagioclase segregation. The goal of this study is to better understand the fluid dynamical conditions that hinder or facilitate crystal settling or flotation. Our approach complements earlier studies by explicitly linking the petrological and fluid dynamical evolution and by focusing on the effect of increasing crystal fraction. We find that crystal settling was probably possible throughout the entire solidification history of the lunar magma ocean as long as crystal sizes were sufficiently large (r > 1 mm) and crystal fraction sufficiently low (f < 13%).
Introduction
[2] The Apollo missions, the study of lunar meteorites, and remote sensing data have added critical constraints regarding the nature and age of many of the basic lithologies and landforms on the Moon and have sparked enduring progress in our understanding of the magmatic and thermal evolution of the Moon [Shearer et al., 2006] . This continued interest in the Moon is motivated not only by the desire to learn more about Earth's closest companion, but also by the fact that the Moon provides a unique window to the early evolution of terrestrial planets. In contrast to Earth, where much of the primordial crust has been eradicated by tectonics and erosion, or other planetary surfaces that are unsampled or scantily sampled, the samples from the lunar surface provide relatively direct testimony of the processes at work during this early stage of terrestrial evolution. Refining our models of the early evolution of the Moon is thus not only important for lunar science, but for our general understanding of the evolution of terrestrial planets.
[3] The abundance of plagioclase in samples from the lunar highlands first led to the hypothesis that the anorthositic crust might have formed through the flotation of plagioclase crystals in a magma ocean [e.g., Smith et al., 1970; Wood et al., 1970; Taylor and Jakes, 1974] . This idea has since been substantiated by other pieces of evidence ranging from the age of anorthosites (see Elkins-Tanton et al. [2011] for a compilation of age data) to the negative Europium anomaly in mare rocks [Haskin et al., 1982; Ryder, 1982] and geophysical constraints [Solomon and Töksoz, 1973] . While the anorthositic lithologies in the lunar crust are the smoking-gun evidence in favor of plagioclase flotation, crystal segregation in a lunar magma ocean also provides a compelling framework for relating the mare basalts to the sinking and accumulation of more dense and mafic silicates in the Moon's mantle [Helmke et al., 1972; Philpotts et al., 1972] and for suggesting a possible origin of the incompatible-element-rich and isotopically uniform material referred to as KREEP (Potassium, Rare Earth Elements, 1 Phosphorous) concentrated in the Procellarum terrain area [Warren and Wasson, 1979] .
[4] Geochemical data on returned samples and lunar meteorites points toward significant differentiation in the lunar magma ocean, but the theoretical plausibility of widespread crystal segregation in magma oceans has remained contentious. Skepticism is justified because the characteristic convective speed in a magma ocean is typically several orders of magnitude higher than the typical settling or flotation speed of individual crystals. A simple comparison of the two speeds indicates that crystals tend to remain entrained in the turbulent convection until the ambient flow field has slowed down sufficiently during the late stretches of solidification, implying that crystal settling is limited to the late stages of magma-ocean solidification [Tonks and Melosh, 1990; Abe, 1993; Solomatov and Stevenson, 1993b; Abe, 1995 Abe, , 1997 Solomatov, 2000] . The characteristic convective speed in the magma ocean might, however, not be the relevant parameter determining settling efficiency if crystal settling occurs primarily in the vicinity of solid boundaries [Martin and Nokes, 1988] . Martin and Nokes [1988] offer a different view of crystal settling in vigorously convecting systems by arguing that because the convective speed decays to zero at solid boundaries, settling may occur along these boundaries independent of the vigor of convection.
[5] The model by Martin and Nokes [1988] offers a compelling starting point for understanding crystal settling in the lunar magma ocean, but it was derived only for the special case of a very dilute suspension (0.3 vol.% crystals). Extending the framework to the Moon requires constraints on how increasing crystal fractions limit crystal settling or flotation, which is the goal of this study. The effect of a finite crystal fraction in suspension on settling is particularly pertinent for the Moon, because plagioclase only begins to crystallize once the magma ocean is approximately 70-80% solidified [Palme et al., 1984; Snyder et al., 1992; ElkinsTanton et al., 2011] . If crystal settling was indeed limited primarily to the late stages of magma-ocean solidification [Tonks and Melosh, 1990; Abe, 1993; Solomatov and Stevenson, 1993b; Abe, 1995 Abe, , 1997 Solomatov, 2000] , the crystal fraction in suspension at this stage would be well beyond the point at which the crystalline magma develops a finite yield stress associated with load-bearing, threedimensional networks [Philpotts et al., 1998 [Philpotts et al., , 1999 Saar et al., 2001 ] that impede the relative motion of individual crystals.
[6] The crystal fraction in suspension in the lunar magma ocean depends on the competition between two timescales: the solidification time, which we define as the time it takes for the magma ocean to solidify by one additional volume percent, and the residence time of the crystals, which we define as the time it takes 99% of the crystals originally in suspension to settle out assuming that no additional nucleation occurs during said time period [Martin and Nokes, 1988] . To estimate these two timescales throughout the solidification history of a magma ocean, we couple a computation of the thermal and petrological evolution of the magma ocean at the planetary scale (following Meyer et al. [2010] and Elkins-Tanton et al. [2011] ) with direct numerical simulations of the fluid dynamics at the scale of individual crystals [Suckale et al., 2012] . While the first suite of computations yields an estimate for the solidification time, the second suite of computations constrains the characteristic crystal settling time at varying crystal fractions. To convert settling times into residence times, we rely on the model by Martin and Nokes [1988] implying that we only consider crystal settling in the nonturbulent boundary layers of the magma ocean.
Model
[7] The flow field in the magma ocean is governed both by thermal convection, driven by the drastic temperature contrast between the upper and lower surface of the magma ocean, and by compositional convection, driven by the density difference between the magmatic fluid and the mineral phases in suspension. The scales at which these two effects operate are drastically different; thermal convection drives flow at the planetary scale [e.g., Tonks and Melosh, 1990; Solomatov, 2000] with characteristic length scales on the order of hundreds of km (10 5 m). Thermal convection also determines the solidification time of the magma ocean, which can range from thousands to hundreds of thousands of years [Meyer et al., 2010; Elkins-Tanton et al., 2011] or 10 10 À10 12 s. Compositional convection, on the other hand, is associated with the settling or flotation of crystals that are typically from tens of mm to cm in size (10 À7 À10 À2 m) with characteristic settling times as low as seconds. The spatial scale at which compositional convection dominates is thus roughly 7 to 12 orders of magnitude smaller than for thermal convection and the temporal scale about 10 to 12 orders of magnitude. It is therefore sensible to model the two contributions to convection separately. Most previous studies facing this dilemma [e.g., Höink et al., 2005 Höink et al., , 2006 have opted to focus on the planetary scale and include only selected aspects of small-scale crystal dynamics. Here we adopt a complementary viewpoint and focus on crystal dynamics in detail while only taking selected aspects of the thermal processes at the planetary scale into account (see Suckale et al. [2012] for details).
Model at the Planetary Scale
[8] The planetary-scale model fulfills two key purposes: it captures the thermal evolution of the magma ocean and tracks the geochemical evolution of the evolving liquid and the crystallizing mineral phases. We consider a lunar magma ocean of 1000 km depth [Elkins-Tanton et al., 2011] . The Temperature range DT 1000 motivation behind adopting this relatively large depth value as compared with previous estimates [Solomon and Chaiken, 1976; Solomon, 1977; Kirk and Stevenson, 1989] is that the residence time of crystals increases with the thickness of the magma ocean [Martin and Nokes, 1988] . It is therefore reasonable to expect that crystal settling in a shallow magma ocean tends to be more efficient than in a deep magma ocean. We therefore study the limiting case of a deep lunar magma ocean, but our conclusions are more broadly applicable to a range of magma-ocean depth.
[9] During the early and intermediate stages of solidification (i.e., 80 vol.% solidified), we model the lunar magma ocean as a rapidly convecting body with a liquid surface that radiates heat into space. We argue that mafic magma-ocean liquids quenching at the cool upper surface are unlikely to form a stable lid at this stage, because they are heavy with respect to the surrounding liquid and thus inherently unstable [Walker et al., 1980; Walker and Kiefer, 1985; Spera, 1992; Elkins-Tanton et al., 2011] . During the late stages of solidification, the growing plagioclase lid gradually shifts heat flux and goes from being convective and radiative to being primarily conductive. Once the lid has attained a thickness of 5 km, the heat flux through the lid is calculated by solving the heat conduction equation in a spherical geometry while accounting for the latent heat of solidification and secular cooling of the body [Elkins-Tanton et al., 2011] . The parameters used in the calculation are summarized in Table 1 .
[10] We assume that the magma ocean is entirely molten initially with the bulk composition suggested by Buck and Toksöz [1980] . The compositional evolution of the lunar magma ocean is determined by the fractionation of magma-ocean cumulates in assemblages determined a priori (Figure 1) following Elkins-Tanton et al. [2011] . The cumulate stratigraphy in Figure 1 divides the solidification of the lunar magma ocean into four stages: (1) early solidification when only olivine crystallizes, (2) intermediate solidification when olivine (10%) and orthopyroxene (90%) crystallize, (3) late solidification starting approximately at 80 vol.% solidified (corresponding to a pressure of 0.6 GPa) when plagioclase (50%) begins to crystallize together with olivine (20%) as well as ortho-(10%) and clinopyroxene (20%), and finally (4) [Snyder et al., 1992; Hess and Parmentier, 1995; Van Orman and Grove, 2000] but agree roughly in the most important aspect, which is that plagioclase crystallization starts at approximately 80%.
[11] Compositions of mineral phases are calculated in equilibrium with the liquid composition at the respective stage of solidification using experimentally determined mineral-melt exchange coefficients [Elkins-Tanton, 2008] . The percentage of interstitial liquid retained during Figure 1 . Solidifying mineral assemblages in the lunar magma ocean based on fractional crystallization following Elkins-Tanton et al. [2011] . The height of the boxes indicates the abundance of the respective mineral phase in a well-mixed phase assemblage. The gray shades introduced here correspond to those used throughout the paper to represent the respective mineral phase. solidification is 1%. Assuming that minerals retain their solidus temperature as crystallization proceeds, the phase densities are computed from the Brich-Murnaghan equation of state that includes the effects of composition, temperature, and pressure (see Figure 2 ). An important caveat of Figure 2 is that the densities toward the end of solidification are caused entirely by the choice of fractionating minerals, which is reasonable but not well constrained.
[12] Basing our analysis on fractional instead of batch crystallization will be justified in retrospect by the results from our local-scale model that crystals settle out efficiently, at least under certain, reasonable conditions (see sections 3 and 4). That being said, there clearly is a more subtle connection between the compositional evolution of the magma ocean and crystal dynamics. For example, one would expect that the efficacy of crystal settling will influence the composition of the cumulates and hence the crystallization sequence. We do not attempt to incorporate this type of feedback, partly because we suspect it to be of secondary importance and partly because it is not straightforward to assess in detail. Our local-scale model only targets crystal settling in the nonturbulent boundary layers of the magma ocean (see section 2.2), while nucleation and crystal growth probably also depend on the equilibrium between mineral and liquid phases in the turbulent flow regime comprising the majority of the magma ocean.
Model at the Local Scale
[13] The flow field in the interior of the lunar magma ocean is thought to be turbulent over a wide depth range [Solomatov, 2000] . In the vicinity of the solid boundaries, however, flow is nonturbulent and gradually slows down until the local flow speed first becomes comparable and eventually smaller than the settling speed of the crystals [Kraichnan, 1962; Castaing et al., 1989; Tonks and Melosh, 1990; Spera, 1992] . The dynamics of the suspension thus become increasingly dominated by compositional convection, facilitating crystal settling and flotation. In our localscale model we study crystal behavior only within these nonturbulent boundary layers, and our results do not apply to the turbulent portion of the magma ocean. The only aspect in which the presence of turbulence is taken into account is by assuming that the magmatic liquid and the suspended crystals are well mixed when entering the boundary layer.
[14] Compositional convection is driven by the motion of individual crystals or crystal clusters under the effect of gravity. We compute the motion of each crystal by integrating the crystal equation of motion using the local velocity and density of the surrounding magmatic fluid while accounting for all crystal-crystal collisions. Determining the flow field in the magma requires solving the Navier-Stokes equations including the boundary conditions imposed by all the crystals in suspension. An approach of this type is commonly referred to as "direct" because it resolves the multiphase flow dynamics of the suspension without relying on approximate drag formulas or settling speeds and without limiting the range and nature of hydrodynamic interactions between crystals and between crystals and magma. Direct numerical simulations are thus particularly advantageous for comparing crystal settling and flotation over a range of different crystal fractions because, contrary to many previous models (see Suckale et al. [2012] for a more detailed discussion), they resolve the effect of increasing crystal fraction on both the motion of the crystals and on the flow field in the interstitial liquid. For further details regarding our numerical methodology and for extensive benchmarks of our approach, please refer to the companion paper [Suckale et al., 2012] .
[15] Our computations rely on the following three simplifying assumptions regarding the crystalline phase. First, we assume that all crystals are spherical and have the same size. This simplification is clearly unrealistic, but provides a valuable first step for understanding the dynamics of magmatic suspensions and has also been the basis of previous studies of crystal settling [e.g., Solomatov and Stevenson, 1993b] . Second, we currently neglect temperature effects at the local scale, because temperature is unlikely to vary tremendously on the scale of individual crystals. Third, we do Figure 3 . Dependence of adiabat, liquidus, and solidus on depth, or equivalently hydrostatic pressure, in the lunar mantle. As the magma ocean cools, the adiabat mostly falls between liquidus and solidus over the entire depth range, implying that crystals are stable at all depths. not take nucleation, growth or dissolution of crystals into account. We argue that dissolution is probably of limited importance because the adiabat falls in between liquidus and solidus over much of solidification (see Figure 3 ), implying that crystals should be stable at all depths. We chose not to incorporate nucleation or crystal growth into our model because settling or flotation depends primarily on the average size of the suspended crystals and not on the details of the growth process.
[16] Regarding the fluid phase, we assume that the magma is compositionally and thermally well mixed. It can thus be represented by a constant density and viscosity at crystalline scales for any given point in time. The flow field in the nonturbulent boundary layers where we investigate crystal settling represents a superposition of thermal convection at large spatial scales and compositional convection at small spatial scales. While we fully resolve the compositional component, we simplify the thermal component by specifying influx and outflux along the boundaries of the computational domain such that mass is preserved. More specifically, we consider only vertical inflow, because only the vertical velocity component does work against gravity. Because the boundary layer in which settling occurs is defined by the flow speed becoming comparable to the settling speed, we set the influx speed to the free settling speed of the heaviest mineral phase in suspension. Once the inflow Figure 4 . Four example simulations testing olivine settling during the early stages of magma-ocean solidification for four different crystal fractions f ≈ 3%, 12%, 20%, and 33%. All crystals have a 1 cm radius. (a1-d1) The randomly assigned initial positions of the olivine crystals in the computational domain. The other panels illustrate the local flow speed normalized by the influx speed and crystal positions at nondimensional times (a2-d2) 0.5, (a3-d3) 1.0, (a4-d4) 1.5, and (a5-d5) 2.0. is specified, the outflow is determined self-consistently from the flow field inside the domain in order to capture the effect of the presence of crystals on the down-wind flow field [Suckale et al., 2012] . The boundary conditions along the sidewalls also allow for mass-preserving inflow and outflow.
Linking the Two Scales
[17] The models at the planetary and the local scales are linked through the framework by Martin and Nokes [1988] , which assumes that crystals circulate in a vigorously convecting magma body for a long time until they are eventually entrained into the boundary layer and settle out of suspension. This point of view is clearly a simplification of the actual settling processes in vigorous convection and is based on analog experiments that may not have the same scaling behavior as magma oceans [Burgisser et al., 2005] . Despite these limitations, we argue that the model provides a reasonable starting point for understanding crystal settling, at least for the Moon. The Moon is in some sense a special case because, due to its relatively small size, the adiabat falls in between liquidus and solidus for the entire depth range of the lunar mantle, implying that crystals are stable at all depths (see Figure 3) . Our model may, however, not pertain to large terrestrial planets such as Earth because additional complexities such as dissolution of crystals and melting at the base of the mantle due to a rapid increase in the Grüneisen parameter [Stixrude et al., 2009] would require consideration.
[18] For the Moon, the model at the planetary scale (section 2.1) yields an estimate of the solidification timescale t sol , defined as the time it takes for one additional volume percent of the magma ocean to solidify, at different stages of solidification. It also computes the density and relative abundance of the crystallizing mineral phases as well as the density and viscosity of the magmatic liquid. The model at the local scale (section 2.2) yields estimates of the settling speeds of the suspended mineral phases at the current crystal fraction. We convert these settling speeds to residence times t res using the framework by Martin and Nokes [1988] . We define the characteristic residence time of crystals as the time until 99% of the crystals originally in suspension have settled out:
where h is the depth of the magma ocean and v s the settling speed of the crystals. If t res < t sol all crystals settle out and the next model cycle will start with reduced crystal fraction. Otherwise, the crystal fraction increases by the crystals that did not settle.
[19] The simulations of crystal settling at the local scale are computationally expensive, in particular since we evaluate settling for three different crystal sizes with radii of 1 mm, 5 mm, and 1 cm to test the importance of crystal size. We therefore divide the solidification history of the lunar magma ocean into four phases describing the early, intermediate, late, and very late solidification based on the mineral assemblages from Figure 1 and test the efficiency of crystal settling and flotation in detail for each one. For each of these four phases, we assign representative values for the phase densities (see Table 2 ) based on the more detailed computation in Figure 2 . We assume that the viscosity of the magmatic liquid increases by one order of magnitude from phases 1 and 2 to phases 3 and 4. While more refined tools Figure 6 . Convergence test for crystals with radius 5 mm at 3 different crystal fractions (a1-a5) f ≈ 3%, (b1-b5) f ≈ 12%, and (c1-c5) f ≈ 20%. The simulations in each row are based on the same initial condition and spatial resolution increasing from 125 Â 125, to 250 Â 250, and to 375 Â 375, to 500 Â 500. The last panel in each row (Figures a5, b5 , and c5) summarizes the mean settling speed as computed through Loess filtering for each computation. Very low resolutions such as 125 Â 125 tend to increase the mean settling speeds slightly, but for resolutions beyond that the predicted mean settling speeds agree well. Unless otherwise stated, the 2D simulations shown in this paper were performed at resolutions of 250 Â 250.
for estimating viscosity changes have been developed for terrestrial melts [Shaw, 1972; Bottinga and Weill, 1972] exist, they are probably not immediately transferrable to magma-ocean liquids [Liebske et al., 2005] .
Results
[20] The primary goal of our modeling is to evaluate under which conditions plagioclase may float during the late stretches of magma-ocean solidification on the Moon to form the earliest lunar crust. Simulating plagioclase flotation, however, requires to constrain the crystal fraction in suspension when plagioclase begins to crystallize. We therefore have to model crystal settling from the very beginning of magma-ocean solidification to ultimately evaluate whether and under which conditions plagioclase might be able to float.
Early Phase of Magma-Ocean Solidification
[21] The first suite of computations tests how efficiently olivine settles out of suspension shortly after formation of the magma ocean. The planetary-scale model indicates that the solidification time during the entire early stage is approximately constant and exceptionally rapid (i.e., on the order of 100 yrs/%), at least for simple radiative conditions without lid or atmosphere [Elkins-Tanton et al., 2011] . For the lunar magma ocean as described in Table 1 , residence times exceed solidification time for crystals with radii r < 1 mm even when the interaction between crystals is ignored, implying that very small crystals are unlikely to settle out completely. To constrain the residence times of larger crystals, we quantify how fast crystal interactions reduce the settling speed of olivine crystals with radii of 1 mm, 5 mm, and 1 cm.
[22] Figure 4 shows four example computations (a-d) for 1 cm olivine crystals. The mean spacing a between the crystals is 10r (Figure 4a1 ), 5r (Figure 4b1 ), 4r ( Figure  4c1 ), and finally 3r (Figure 4d1 ). In 2D, these spacings correspond to crystal fractions f ≈ 3%, 12%, 20%, and 33%. The influx into the computational domain is set to the free settling speed of a single olivine crystal and is used to normalize the flow field. The initial positions of the crystals are assigned randomly. In simulation Figure 4a , most crystals are not in immediate contact with another crystal. As the crystal fraction increases, crystals cluster form dropshaped clouds (e.g., Figures 4c3 and 4c4 ) and elongated chains (e.g., Figure 4c5 ). For even larger crystal fraction, the clusters spread through most of the domain, leaving limited space for the formation of channels with rapid flow (e.g., Figures 4d2-5) .
[23] To eliminate the potential effect of the assigned initial conditions on settling, we perform several computations with different randomized initial conditions for each crystal size and crystal fraction. Figure 5 shows the settling speeds Figure 7 . Summary of the decrease in settling speed for olivine at (a1) r = 1 cm, (a2) r = 5 mm, and (a3) r = 1 mm during the early stages of magma-ocean solidification with increasing crystal fractions (f ≈ 3%, f ≈ 12%, f ≈ 20%, and f ≈ 33% in 2D). (b1-b3) The decrease in settling speed with increasing crystal fraction is due to hydrodynamic interactions between crystals and is associated with an increase of the percentage of crystals in collisions.
of individual olivine crystals (dark gray) and the mean settling speed (red) observed in 8 different computations (Figures 5a-5h) . We estimate the mean settling speed for each simulation by using a Loess filter with span 0.1s, where s is the standard deviation of the distribution of settling speeds at a given time. In Figure 5i we use the Loess filter again to condense the estimated settling speeds from each of the computations (Figures 5a-5h) into one final result. We have also verified that the estimated settling speed does not depend on the grid resolution of the computation (see Figure 6 for an example).
[24] Figure 7 summarizes the decrease in settling speed with increasing crystal fraction for crystals with radii 1 cm (Figure 7a1 ), 5 mm (Figure 7a2) , and 1 mm (Figure 7a3 ), respectively. It also quantifies the increasing tendency of crystals to cluster (Figures 7b1-7b3 ) with increasing crystal fraction. We find that the hydrodynamic interactions between crystals notably affect settling already at very low crystal fractions, particularly for small crystals. For example, the settling speed of 1 mm crystals has already dropped to approximately half (47%) of their free settling speed at a crystal fraction of ≈3%. At that same crystal fraction, the settling speed of the 1 cm crystals is still ≈75% of their free settling speed. This difference in the relative decrease in settling speed is primarily a fluid dynamical effect and not yet related to significantly different clustering behavior, as the percentage of crystals in collision at any given point in time is similar (Figures 7b1 and 7b3) . The result that hydrodynamic interactions between crystals notably affect the dynamics of the suspension already at very low crystal fractions is consistent with experimental studies [e.g., Koyaguchi et al., 1990] and reasonable from a fluid dynamics point of view because the spatial range of hydrodynamic interactions increases with fluid viscosity.
[25] Based on the reduction in settling speed with increasing crystal fraction (Figure 7) , we estimate the residence time of the crystals using equation (1) at finite crystal fraction (Table 3 ). The residence time at the highest crystal fraction (f ≈ 33%) should be taken with some caution, because, at that point, all crystals are clustered into a domain-spanning network (Figures 7b1-7b3) , and it is not clear that the conceptual framework by Martin and Nokes [1988] is still applicable. We conclude that over the time it takes the magma ocean to solidify one additional percent, crystals with r > 1 mm will probably settle out completely. Small crystals (r ≤ 1 mm) may still settle out, but only partially. Therefore, our modeling indicates that the crystal fraction in suspension probably remains low during the early stage of magma-ocean solidification, implying that the fractional crystallization scenario is justified for modeling the geochemical evolution of the magma ocean.
Intermediate Phase of Magma-Ocean Solidification
[26] The lunar magma ocean solely crystallizes olivine until solids have filled the lunar interior to a pressure of 0.3 GPa, which corresponds to approximately 16% solidified. At this point, the crystallizing assemblage shifts to 90% orthopyroxene and 10% olivine. The purpose of the second suite of computations is to estimate how this shift from a mono-to a bicrystalline suspension affects the efficiency of crystal settling. More precisely, there are two different questions at hand: The first question is whether crystal settling is efficient enough to maintain a low crystal fraction in suspension and justify continued fractional crystallization. For answering that question, we focus on the behavior of the majority of crystals, not on the fate of individual mineral phases. The second question is whether the differences in settling speed for olivine as compared to orthopyroxene are significant enough to allow for a dynamic separation of the two mineral phases from each other during settling. The latter question thus entails a focus on the behavior of individual mineral phases. Throughout the remainder of the paper, we refer to the first problem as collective settling and to the second problem as differential settling.
[27] The radiative cooling of the magma ocean is largely unaffected by the progressing crystallization at depth. We estimate that the characteristic solidification time is still approximately constant throughout the entire intermediate phase of the magma-ocean solidification and on the order of several hundred yrs/%. In Figure 8 , we test the settling behavior of the bicrystalline suspension for 1 cm crystals at crystal fractions of f ≈ 3%, 12%, 20%, and 33%. The suspensions now contain two different mineral phases, olivine (dark gray) and orthopyroxene (light gray), with the densities listed in Table 2 . The properties of the fluid are assumed to be the same as in phase 1. The influx speed is again set to the free settling speed of olivine, which is now slightly higher than in Figure 4 , because olivine has increased in density (Table 2) . The cited values are only order of magnitude estimates and should not be taken too literally. The residence times marked by an asterisk are associated with flotation at the given influx speed.
[28] The crystallizing mineral assemblage contains relatively few olivine crystals. To sample a sufficient number of crystals for both mineral phases, we perform a total of 11 simulations at f ≈ 3%, 8 simulations at f ≈ 12% and 20%, and 5 simulations at f ≈ 33%. Figure 9 summarizes our estimates of the average settling speed of olivine and orthopyroxene computed through the double Loess filtering procedure described previously (section 3.1) for crystal sizes of 1 cm, 5 mm, and 1 mm. At low crystal fraction (Figures 9a1, 9b1 , and 9c1), olivine settles approximately twice as fast as orthopyroxene. However, as the crystal fraction increases, the settling speed of olivine deceases much more rapidly (dropping from approximately 89% to 26% of the influx speed) than the settling speed of orthopyroxene (dropping from 44% to 26% of the influx speed). This effect partly results from using the free settling speed of olivine as an influx and normalization speed, but this influx bias does not fully explain the differential slowdown.
[29] The more rapid slowdown of olivine as compared to orthopyroxene crystals can be understood through the relative abundance of the two mineral phases in the crystalline suspension: At intermediate to high crystal fraction a large percentage of the crystals have formed clusters, the composition of which reflects the composition of the suspension itself. The settling speed of the crystal cluster represents an average of the settling speeds of its individual components and is therefore dominated by orthopyroxene. This insight leads to the hypothesis that at high enough crystal fraction the bicrystalline suspension approaches the behavior of a monocrystalline suspension for which the crystal density corresponds to the average density of orthopyroxene and olivine weighted by their respective abundance (yielding r mono ≈ 3165 kg/m 3 ). We test this hypothesis in Figure 10 . We observe the best agreement between the mean settling speeds in the mono-as compared to the bicrystalline suspension for small crystals. At a crystal radius of 1 mm the difference in the two mean settling speeds is ≈2%. At r = 5 mm, the discrepancy has increased to ≈5% and at r = 1 cm to about ≈15%, indicating that finite Reynolds number effects are probably the main reason for differences in settling behavior.
[30] Using the average settling speeds determined in Figure 9 , we estimate the residence times using equation (1) and a reduced depth of the magma ocean (h = 770 km) to reflect progressing solidification. We conclude that crystals with r > 1 mm continue to settle out completely during the intermediate phase of magma-ocean solidification on the Moon. In fact, the residence times are lower than during the early stages of magma-ocean solidification (see Table 3 ). The two main reasons are that (1) the density of olivine increases slightly faster in density than the evolving magmatic liquid and (2) that the depth of the Figure 9 . Average settling speeds for olivine (dark gray) and orthopyroxene (light gray) at (a1-a4) r = 1 cm, (b1-b4) r = 5 mm, and (c1-c4) r = 1 mm during the intermediate stages of magma-ocean solidification. The estimate of settling speed is based on 12 simulations at f ≈ 3% (Figures 9a1-9c1) , 8 simulations at f ≈ 12% (Figures 9a2-9c2 ) and 20% (Figures 9a3-9c3) , and 5 simulations at f ≈ 33% (Figures 9a4-9c4 ). magma ocean decreases as solidification continues, making it more likely for crystals to enter the boundary layer.
[31] Although collective settling of the crystal mixture is very efficient, we argue that it is unlikely for olivine and orthopyroxene to settle differentially and form a layered pile of cumulates because the difference in settling speed is small (see Table 3 ). This finding ties into the experimentally determined source regions for melting of the picritic lunar glasses that identify a source mineralogy rich in olivine and pyroxene [Delano, 1980; Chen and Lindsley, 1983; Wagner and Grove, 1997; Elkins et al., 2000; Krawczynski and Grove, 2012] .
Late Phase of Magma-Ocean Solidification
[32] The simulations presented in the last two sections indicate that the crystal fraction in suspension at the beginning of plagioclase crystallization is probably small as long as a significant portion of crystals grow to sizes of r > 1 mm. The goal of this section is to estimate the maximum crystal fraction at which plagioclase is able to decouple from the suspension and float to the surface. Since the conductive lid is not yet created, the solidification time is only slightly higher than before (on the order of about 1000 yrs/%). The residence time of the suspended mineral phases, however, is also expected to increase because of the elevated viscosity of the evolving magma-ocean liquid (see Table 2 ). One factor that may aid flotation is that the nonturbulent boundary layers should increase in thickness as solidification progresses, but we do not take this process into account. The reason is the significant uncertainties associated with estimating the changing thickness of the boundary layer in vigorously convecting systems [Kraichnan, 1962; Castaing et al., 1989; Tonks and Melosh, 1990; Spera, 1992] .
[33] Figure 11 shows four computations that test settling in a crystalline suspension containing 50% plagioclase (white), 30% pyroxene (light gray), and 20% olivine (dark gray) at crystal fractions of f ≈ 3%, 12%, 20%, and 33%. The densities of all suspension phases are listed in Table 2 . The influx speed is again set to the free settling speed of olivine. Comparing Figure 11 to the analogous figures produced for the first two phases of solidification (Figures 4  and 8) , we find that the simultaneous presence of buoyant and heavy phases in suspension leads to pronounced channeling in the ambient fluid at least at low crystal fraction (Figures 11a2-11a5 and 11b3-11b4) and for large crystals (r > 1 mm).The size of the crystals matters because the motion of large crystals (r > 1 mm) creates long low-pressure wakes that facilitate crystal alignment. Small crystals (r = 1 mm), on the other hand, are locally surrounded by Stokestype flow.
[34] The juxtaposed channels of predominately upward oriented flow (red zones) contain mostly plagioclase crystals and the downward oriented channels (blue zones) primarily heavy phases, indicating that the channels are created and maintained by the preferential spatial aggregation of the crystals. Due to their dynamic nature, the channels are unstable to hydrodynamic perturbations, which either lead to a shifting of the channel in space (e.g., the upward oriented channel in Figure 11a2 slowly moves to the center of the domain in Figure 11a5 ) or to the destruction of an existing channel, which is typically followed by a new channel forming somewhere else in the domain. The lifespan of the created channels depends sensitively on crystal fraction. The upward oriented channel in the center of Figure 11b3 , for example, has a lifespan of about t = 1, while the channel in Figures 11a2-11a5 has a lifespan of about t = 2. At crystal fractions of ≈20%, channels become increasingly rare and vanish entirely at f ≈ 20% because they are crowded out by the crystalline phase occupying more space.
[35] To estimate the average settling speeds for each mineral phase, we perform a total of 11 simulations at f ≈ 3%, 8 simulations at f ≈ 12% and 20%, and 5 simulations at f ≈ 33%. Our findings are summarized in Figure 12 , with crystal radii decreasing from 1 cm (left), 5 mm (middle), and 1 mm (right). Initially, each mineral phase moves at a distinctive speed determined by its density (Figures 12a1,  12b1 , and 12c1). Because plagioclase is buoyant with respect to the surrounding liquid, it floats as indicated by the negative Figure 10 . Comparison of the mean settling speed in a bicrystalline (dashed line) as compared to a monocrystalline (full line) suspension for 3 crystal sizes (left) r = 1 cm, (middle) 5 mm, and (right) 1 mm at crystal fraction f ≈ 33%. The density of the crystals in the monocrystalline suspensions is set to the mean density of the crystals constituting the bicrystalline system. sign of its speed. The low settling speed of the pyroxene phases in Figure 12 and compared to Figure 9 is the consequence of its small density difference with respect to the ambient fluid (see Table 2 ).
[36] An interesting aspect of Figure 12 is that the loss of differential motion between olivine and pyroxene occurs at lower crystal fraction (f ≈ 12%) now (Figures 12a2, 12b2 , and 12c2) as compared to the intermediate phase of magmaocean solidification (Figure 9 when a separate motion was observed until f ≈ 20% in 2D). At the same crystal fraction (f ≈ 12%) the flotation speed of plagioclase continues to be easily distinguishable, highlighting that different mineral phases do not necessarily lock up at the same crystal fraction. Instead, the transition point from differential to collective settling is different for each mineral phase and depends sensitively on the properties of the co-crystallizing phases, such as crystal size and density. Hence, plagioclase flotation does not necessarily imply that olivine and orthopyroxene also settle differentially.
[37] As summarized in Table 3 , our simulations indicate that plagioclase crystals with sizes r > 1 mm are able to float to the surface of the magma ocean even in the absence of a Figure 11 . Four example simulations (a-d) testing plagioclase flotation during the late stages of magmaocean solidification for four different crystal fractions f ≈ 3%, 12%, 20%, and 33% and crystals with radius 1 cm. (a1-d1) The randomly assigned initial positions of olivine (dark gray), ortho-and clinopyroxene (in light gray), and plagioclase (white) in the computational domain. The other panels illustrate the local flow speed normalized by the influx speed and crystal positions at nondimensional times (a2-d2) 0.5, (a3-d3) 1.0, (a4-d4) 1.5, and (a5-d5) 2.0. conductive lid as long as the crystal fraction in suspension is below 20%. Even the residence time of 1 mm crystals is of the order of the solidification time, meaning that at least a significant portion of small crystals should float. Once flotation begins, the solidification timescale will increase dramatically as a conductive lid is formed on the top of the magma ocean, which drastically reduces heat loss to space. The key result here is that the most important criterion for whether flotation occurs initially is the crystal fraction and not necessarily the crystal size. As the crystal fraction increases beyond 20%, plagioclase begins to get locked into the suspension and is no longer able to decouple and float. Although differential settling is no longer possible at this point, collective settling of the crystal mix may still continue. The crystal clusters will either sink to the bottom of the magma ocean or to the top depending on how the average density of the mineral assemblage compares to the density of the liquid. For the densities used here (see Table 2 ), the locked-up suspension has a slightly negative buoyancy with respect to the magmatic fluid, which leads to collective flotation (Table 3) . That being said, the uncertainties with estimating the fluid density at this late stage of solidification are considerable.
Final Phase of Magma-Ocean Solidification
[38] From approximately 87% solidified to the end of solidification the crystallizing assemblage contains mostly pyroxene (20% clinopyroxene and 30% orthopyroxene) and plagioclase (40%). In addition, heavy oxides (10%) begin crystallizing (see Table 2 for the assumed densities). The Figure 12 . Average settling speeds for olivine (dark gray), ortho-and clinopyroxene (in light gray), and plagioclase (white) at (a1-a4) r = 1 cm, (b1-b4) r = 5 mm, and (c1-c4) r = 1 mm during the late phase of magma-ocean solidification. The estimate of the settling speed is based on 12 simulations at f ≈ 3% (Figures 12a1-12c1) , 8 simulations at f ≈ 12% (Figures 12a2-12c2 ) and 20% (Figures 12a3-12c3) , and 5 simulations at f ≈ 33% (Figures 12a4-12c4) .
goal of this section is to verify whether the presence of a very heavy phase changes the settling behavior of the suspension. Due to the presence of a fully formed conductive lid, the solidification timescale at this stage is extremely long (on the order of 10 6 yrs/% and possibly even higher if tidal heating is taken into account [Meyer et al., 2010] ), which means that as long as plagioclase is able to decouple from the suspension, flotation should occur even if the differential speed is minimal.
[39] Figure 13 shows four computations that test settling in the crystalline suspension representing the final phase of solidification of the lunar magma ocean at crystal fractions of f ≈ 3%, 12%, 20%, and 33%. The influx speed is set to the free settling speed of the oxides (see Table 2 ). The distinct channelization of the ambient flow field observed in Figures 11a2-11a5 and 11b2-11b5 is still noticeable, but less pronounced for the mineral assemblage crystallizing during the final stage of solidification. Our simulations suggest that the main reason for this is the presence of very heavy oxide phases that settle rapidly, which amplifies hydrodynamic instabilities and reduces the life span of channels. The presence of the oxides in suspension, however, also reduces Figure 13 . Four example simulations (a-d) testing plagioclase flotation during the final stages of magma-ocean solidification for four different crystal fractions f ≈ 3%, 12%, 20%, and 33% and crystals with radius 1 cm. (a1-d1) The randomly assigned initial positions of the oxide (black) and pyroxene phases (light gray), as well as plagioclase (white). The other panels illustrate the local flow speed normalized by the influx speed and crystal positions at nondimensional times (a2-d2) 0.5, (a3-d3) 1.0, (a4-d4) 1.5, and (a5-d5) 2.0. the tendency of crystals to cluster at intermediate crystal fractions (f = 12% and 20%) as compared to phase 3, at least for crystal sizes above 1 mm (see Figure 14) . The dynamic ramification of reduced clustering is that more channels can form at f ≈ 20% as compared to the late phase of magmaocean solidification (e.g., Figure 13c5 ).
[40] In order to estimate the average settling speeds for each mineral phase, we perform a total of 11 simulations at f ≈ 3%, 8 simulations at f ≈ 12% and 20%, and 5 simulations at f ≈ 33%. Our findings are summarized in Figure 15 . The overall settling dynamics of the suspension are similar to that found in section 3.3 for the late stages of magmaocean solidification. Similarly to before, plagioclase gets locked into suspension at a crystal fraction of ≈20%, implying that continued plagioclase flotation requires f < 20% independent of crystal size. The two differences of settling during the final as compared to the late phase of solidification are that (1) the settling speeds of all minerals are still appreciably different at f ≈ 20%, and (2) the high density of the oxide phases shifts the average density of the crystals in suspension, which means that at f > 20% the crystal mix will settle to the bottom instead of float to the top of the magma ocean (Table 3) .
Clustering and Crystal Collisions in 3D
[41] All of the computations shown so far were done in 2D. The key advantage of 2D simulations is the added precision of a high spatial and temporal resolution. Computational expense becomes a concern, particularly at high crystal fractions, because the speed of the suspended crystals may vary by several orders of magnitude and thus requires very small incremental time steps. That being said, it is not straightforward to extrapolate insights obtained in 2D to 3D. Figure 14 . Overview of crystal clustering during phases 2-4 of magma-ocean solidification for three different crystal radii, (a1-a4) r = 1 cm, (b1-b4) r = 5 mm, and (c1-c4) r = 1 mm, and four different crystal fractions, f ≈ 3% (Figures 14a1-14c1) , f ≈ 12% (Figures 14a2-14c2) , f ≈ 20% (Figures 14a3-14c3) , and f ≈ 33% (Figures 14a4-14c4 ).
[42] Apart from the obvious difference in the flow field in 3D as compared to 2D, an important confounding factor in extrapolating our 2D results to 3D is the different scaling behavior of the crystal fraction. For equi-sized spheres arranged in a body-centered cubic array, it is straightforward to relate the crystal fraction and mean separation distance. In 3D, the volume fraction scales with the mean separation distance as f $ a 3 , while in 2D it scales as f $ a 2 . In other words, at the same mean separation distance, crystals fill up an area faster than a volume. The mean separation distances we focused on in our simulations (a ≈ 10r, 5r, 4r, and 3r) therefore correspond to larger crystal fractions in 2D (f 2D ≈ 3%, 12%, 20%, and 33%) than in 3D (f 3D ≈ 1%, 7%, 13%, and 29%). The key conclusion from section 3 is thus that plagioclase floats even in the absence of an already formed conductive lid if the crystal fraction is <13% (in 3D) or <20% (in 2D).
[43] One important observation from our 2D simulations is that crystalline suspensions start to exhibit clustering already at relatively low crystal fraction in agreement with experimental findings [Koyaguchi et al., 1990] . Our 3D simulations suggest that this insight is also true in 3D. In fact, at the same mean separation distance crystal interaction appears to result in a slightly more pronounced slowdown in 3D as compared to 2D, but it is challenging to quantify how much of this effect is due to the reduced resolution and domain size in 3D. Another finding of our 2D simulations is that the presence of clusters changes the dynamics of a Figure 15 . Average settling speeds for oxides (black), ortho-and clinopyroxene (in light gray), and plagioclase (white) at (a1-a4) r = 1 cm, (b1-b4) r = 5 mm, and (c1-c4) r = 1 mm during the final stages of magma-ocean solidification. The estimate of the settling speed is based on 12 simulations at f ≈ 3% (Figures 15a1-15c1) , 8 simulations at f ≈ 12% (Figures 15a2-15c2 ) and 20% (Figures 15a3-15c3) , and 5 simulations at f ≈ 33% (Figures 15a4-15c4) .
suspension, because the settling speed of clusters is approximately given by the average of the settling speeds of the constituent crystals at the same crystal fraction. This averaging effect is easier to test, and we find it appears to be very similar in 2D and 3D. Figure 16 shows an example computation for a crystalline suspension consisting of olivine and orthopyroxene during the intermediate stages of magma-ocean solidification at f 3D ≈ 3%.
Discussion
[44] Our simulations indicate that plagioclase is able to float on the Moon despite the fact that plagioclase only begins to crystallize once the magma ocean is already 80% solidified. We find that the main impediment to plagioclase flotation is not necessarily crystal size, as previously suggested [Tonks and Melosh, 1990; Solomatov and Stevenson, 1993b, 1993a] , but the crystal fraction in suspension. Size may play less of a role for plagioclase flotation than crystal fraction, because the residence time of plagioclase crystals in suspension is relatively short, owing primarily to the large density contrast between mineral phase and magma-ocean liquid (see Figure 2 and Table 2 ). If the density difference between plagioclase crystals and the magmatic liquid during the late phase of solidification is significantly less than assumed here, our results might not be robust.
[45] The main reason crystal fraction plays such a crucial role for evaluating crystal settling and flotation are the strong and long-range interactions between crystals. Phases 1 and 2 attest primarily to the effect that crystal-crystal interactions have on settling behavior, such as the rapid reduction of settling speeds with increasing crystal fraction (e.g., phase 1, see section 3.1) and the dependence of settling speeds on relative mineral abundances (e.g., phase 2, see section 3.2). Phase 3 (see section 3.2) illustrates that the hydrodynamic interaction between crystals can lead to pronounced channelization in the ambient flow field. The lifespan of the channels depends on the crystal size, the relative abundance of the crystallizing phases, and the density contrast between crystals and fluid (e.g., phase 4; see section 3.2).
[46] Generally, the lifespan of the crystal clusters increases with crystal fraction and is significantly larger than the characteristic timescale over which settling or flotation occurs for crystal fractions beyond 20% in 2D and 13% in 3D. At that point, the relative motion of individual plagioclase crystals with respect to surrounding crystals is suppressed because they are locked into suspension in the form of long-lived clusters. An important caveat here is that we do not currently account for the typical crystallographic shape of plagioclase crystals or the effect of a nonuniform crystal size distribution. It is certainly possible that these factors would alter our estimate for the crystal fraction at which lock-in occurs in the lunar magma ocean. The general insight that crystal fraction plays a key role for determining differentiation, however, is less parameter-dependent and leads to three more general conclusions discussed in this section.
The Possibility and Necessity of Early Settling
[47] A simple comparison of the convective speeds in magma oceans with the settling speed of individual crystals has led to the hypothesis that crystal fractionation is negligible during the early stages of solidification and only begins at a later time when the convective flow field has slowed down considerably [Abe, 1993 [Abe, , 1995 [Abe, , 1997 Solomatov, 2000] . Our simulations indicate that crystal settling can start at the very beginning of solidification because settling in the nonturbulent boundary layers of the magma ocean alone is sufficient to deplete the magma ocean of crystals, assuming that the majority of crystals grow to sizes larger than 1 mm (see section 3).
[48] Our simulations also show that crystal settling during the late stages of magma-ocean solidification requires early settling. If crystal settling was negligible initially, most crystals would remain suspended and increasingly lock up to form a crystal network that impedes settling. A reduction in settling efficiency therefore results in a downward spiral of settling behavior: as fewer crystals settle out, the crystal fraction in suspension increases, which decreases the mean settling speeds and implies that even fewer crystals settle out.
[49] Late-stage settling after a period of inefficient settling at the early or intermediate stages of magma-ocean solidification thus requires that the crystal fraction in suspension is reduced below the point at which the suspension locked up. Several mechanisms could potentially provide the necessary additional melting including impactors, cumulate overturn of the solidified portion of the magma ocean, or tidal heating [Meyer et al., 2010] . It is possible that one or several of these processes aided plagioclase flotation on the Moon, but it may not be necessary to invoke additional melting to explain differentiation of the lunar magma ocean.
[50] Another interesting ramification of the insight that crystal fraction controls settling behavior is that an incompletely molten magma ocean or magma pond may evolve very differently than an entirely molten magma ocean. The reason is that the initial crystal fraction of a mushy magma ocean could easily exceed 20%, which may be too high for fluid dynamical settling to occur. In that case, batch crystallization may be more likely than fractional crystallization. Given current theories of lunar formation through a giant impactor [Brush, 1996] , we consider it unlikely that the lunar magma ocean was not entirely molten because the heat provided by the impact is sufficient to melt the entire Moon. However, lack of complete initial melting might be important for understanding the evolution of a potential magma ocean on other planetary bodies.
Differentiation: Crystal Size Might Not Be the Key Parameter
[51] It has long been recognized that the size difference between Earth and the Moon may be one important factor in the divergent geochemical evolution of the two planetary bodies. For example, Tonks and Melosh [1990] used the special relationship between adiabat, liquidus, and solidus on the Moon (see Figure 3) to argue that individual crystals could continue to grow no matter where they were transported in the lunar magma ocean. Eventually, crystals on the Moon would be large enough to overcome convective entrainment and settle into the cumulate pile. On Earth, however, continued crystal growth would not be possible, because the adiabat falls between liquidus and solidus only for a limited depth range, and crystals would dissolve when transported outside of that depth range. Our calculations indicate that continued crystal growth as suggested by Tonks and Melosh [1990] is not required to explain crystal settling in a lunar magma ocean. We find that crystals as small as 1 mm in radius would settle out completely even during the early stages of magma-ocean solidification, which are characterized by exceptionally rapid flow.
[52] As discussed previously (see section 2.3), the relationship between adiabat, liquidus, and solidus is an integral part of our model because it implies that crystals are stable throughout the entire magma ocean. Crystals may thus circulate for a long time before being entrained in the nonturbulent boundary layer where settling occurs, as assumed in the framework by Martin and Nokes [1988] . Since crystals in a terrestrial magma ocean are not stable throughout the entire depth range of the mantle, our model in its current form is not directly applicable to large planets like Earth, and our findings about settling and plagioclase flotation do not translate in a straightforward manner to terrestrial scenarios. Our model could, however, be easily adapted to constrain magma-ocean differentiation on other small bodies such as Vesta.
Collective Settling Does Not Imply Differential Settling
[53] A consistent finding in all of our simulations is that collective crystal settling does not imply that the different mineral phases separate from each other based on their relative densities. Instead, crystal settling appears to be a necessary, but not a sufficient condition for differential settling. Two observations from our computations are noteworthy for providing additional constraints on when crystal settling results in differential settling and a layered as opposed to a mixed cumulate pile.
[54] First, the properties of the co-crystallizing mineral assemblage exerts an important control over the ability of a given mineral phase to dynamically separate from other mineral phases in suspension, highlighting the potential for linked geochemical and fluid dynamical models of magmaocean evolution. Apart from the more obvious effect of size and density differences between the mineral phases, the relative abundances also play an important role. Relative abundances affect settling for two reasons. First, settling behavior at finite crystal fractions is dominated by the dynamics of crystal clusters instead of individual crystals. The composition of these clusters reflects the composition of the suspension, which means that the more abundant mineral phases dominate the settling speed of the clusters. One example of this effect is the joint settling of olivine and orthopyroxene during the intermediate stages of magmaocean solidification. The settling speed of olivine decreases much more rapidly than that of orthopyroxene (see Figure 9 ) because olivine makes up only 10% of the suspension. Second, the presence of both a buoyant and a heavy mineral phase can lead to pronounced channeling in the ambient flow field, at least at low to intermediate crystal fraction, as observed for phase 3 of magma-ocean solidification (see Figure 11 ). The preferential aggregation of buoyant crystals in upward oriented flow and of heavy crystals in downward oriented flow increases the efficiency of differential settling notably, but is highly dependent on mineral abundances and densities (see section 3.4).
[55] Second, there is no single transition point between collective settling and differential settling for suspended mineral phases. Instead, there is a gradual transition that may involve a transitional regime in which certain mineral phases decouple from the suspension and float or sink, while others do not decouple or decouple only partially. The late stage of magma-ocean solidification provides an example of this (see Figure 12 ). Initially, all three mineral phases move at their own characteristic speed with little interaction. At a crystal fraction of f ≈ 12%, however, plagioclase still has a distinct flotation speed, while the motion of olivine and pyroxene is already almost indistinguishable (Figures 12a2, 12b2 , and 12c2). There are three reasons for this difference in differential settling: First, the density difference between olivine and pyroxene is relatively small. Second, plagioclase is buoyant with respect to the fluid, while olivine and pyroxene are heavy and will thus tend to align in the same downward oriented channels (Figures 11a2-11a5 and 11b2-11b5) . Third, clusters involving crystals with similar densities tend to be more stable than clusters of crystals with drastically different densities (see section 3.4).
[56] The above factors influencing differential settling imply that plagioclase flotation is facilitated in our model by the fact that it is the only buoyant phase in suspension during the late and final phases of solidification. The potential presence of another buoyant mineral phase would likely reduce the efficiency of plagioclase flotation, and the more so the more comparable it is to plagioclase in size and density.
Conclusions
[57] We present a multiscale model of crystal settling and flotation that links the geochemical and fluid dynamical evolution of the lunar magma ocean. The key goal of our analysis is to shed some new light on the question of whether plagioclase can float to the top of the magma ocean and form a primordial crust despite the fact that it only begins to crystallize once the magma ocean is already 80% solidified. Our simulations of plagioclase crystals in an olivine-and pyroxene-rich suspension reveal that the overall crystal fraction in suspension may be the key parameter to determine under which conditions plagioclase is able to decouple and float and not the crystal size. This finding indicates that settling or flotation during the late stages of magma-ocean solidification requires settling or flotation early on to keep the crystal fraction low unless melting associated with impactors or cumulate overturn reduces the crystal fraction. In the case of the Moon, our simulations suggest that crystal settling might be efficient enough to keep the crystal fraction in suspension sufficiently low and allow for late-stage plagioclase flotation.
